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in the cell wall; substances lethal to mice and responsible for primary inflammation of rabbit skin were also associated with the cell wall. Limited activity of protoplasm in these biological tests may or may not be due to contamination with cell-wall material. A substance extracted from whole cells with aqueous ether possessed an immunizing potency superior to that of killed whole cells or cell walls. Markenson, Sulitzeanu, and Olitzki (1959) reported that sediments from high-speed centrifugations of sonic-treated Brucella abortus and B. suis were capable of immunizing mice against experimental infections with B. abortus. They assumed that these sediments were cell-wall fragments of varying sizes containing the protective antigen. They did not examine the activity of the supernatant fluids which contained most of the protoplasmic constituents. Live, Sperling, and Stubbs (1945) demonstrated earlier that supernatant fluids from sonically disrupted Brucella were rich in protective antigen. Similarly, Huddleson (1943) was able to protect a high percentage of animals with water-soluble material obtained from crushed Brucella cells.
To establish more clearly the location of immunizing substances in the bacterial cell, a method of disrupting the organism, which would crack but not fragment the cell wall and release the protoplasm in a dispersed state, was developed. The present paper describes the disruption of these organisms in a refrigerated pressure cell, the separation of cell walls from protoplasm by differential centrifugation, and the purification of cell walls by sedimentation in a linear glycerol gradient. Protective properties and some other biological activities of cell walls, protoplasm, and aqueous ether extracts of B. abortus were determined.
MATERIALS AND METHODS
Growth and preparation of cell suspensions. Smooth colonies of Brucella were selected, with the aid of a microscope, from plates stained with 1:4,000 crystal violet and adjusted to pH 3.5 with citric acid according to the modification (Stoenner, personal communication) of the method of White and Wilson (1951) . The colonies selected were streaked on tryptose agar (Difco) slants and incubated at 37 C for 36 hr. The growth was washed from slants with saline or buffered saline (0.15 M phosphate buffer, pH 7, in 0.15 M NaCl) and used to seed tryptose agar in Blake bottles or 5-liter toxin bottles. After incubation at 37 C for 36 hr, the bacterial growth in each bottle was removed with 10 or 20 ml of cold buffered saline and filtered through glass wool and two layers of Whatman no. 1 filter paper in a Biichner funnel. Subsequent processing, except as noted, was done at 0 to 6 C. The cell suspension was centrifuged for 30 min at 5,500 X g, the resulting 258 sediment was resuspended in saline, and centrifugation was repeated. Suspensions of cells in water or 0.15 M NaCl were adjusted to the desired concentration of 3 to 5 billion cells per ml by turbidity, as measured with a Klett-Summerson colorimeter (filter no. 52, scale reading 770). Live cells from young cultures were used because such material had been found preferable for preparation of cell walls and soluble antigen from other microorganisms (Ribi, Milner, and Perrine, 1959a) .
Preparation of cell walls and protoplasm. Water or saline suspensions of washed cells were disrupted in the pressure cell (Ribi et al., 1959b) at 27,000 psi. For this study, the needle valve of the pressure cell was cooled with chilled nitrogen gas. The temperature of the effluent at the orifice was held between 2 and 15 C. A flask immersed in ice water was used to collect the product. Cell walls and unbroken cells were then collected by centrifugation at 5,500 X g for 1 hr. The ether was removed by aeration. Aqueous suspensions of cell walls "sterilized" in this manner were used immediately or lyophilized.
Preparation of aqueous ether extract. Soluble antigen was released from B. abortus by the method used for isolation of endotoxin from Salmonella enteritidis (Ribi et al., 1961) . A saline suspension containing 3 to 5 billion freshly harvested live cells per ml was shaken in a separatory funnel with two volumes of ethyl ether for a total of 60 sec shaking time at room temperature. Pressure was relieved after each 10 sec of shaking. The suspension was allowed to stand overnight in the separatory funnel and the aqueous phase was withdrawn. This aqueous phase was aerated to remove ether and then centrifuged 30 min at 5,500 X g. The supernatant fluid was dialyzed for 5 days at 4 to 6 C in distilled water, treated with 70% ethanol (by volume) at 6 C, and the precipitate was collected by centrifugation at 2,000 X g for 45 min, resuspended in water, and lyophilized. The cellular residue from ether treatment was usually collected, washed, dialyzed, and lyophilized. The dry powders were reconstituted in saline at the time of use.
Protection After challenge (12 to 15 days) all mice were killed by chloroform anesthesia. The spleen of each mouse was removed aseptically and ground in sand with 1.0 ml of tryptose broth in a sterile mortar, and portions (0.2, 0.02, and 0.002 ml) of this suspension were plated directly on tryptose agar by using appropriate dilutions. Plates were incubated for 5 days at 37 C, and the number of colonies was recorded. James Carmon, Statistics Institute, University of Georgia, kindly analyzed the colony counts by the multiple-tests method of Duncan (1955) .
In the determination of the median infective doses (ID5o) in test and control groups, mice whose macerated spleens yielded one or more colonies were considered infected. The method of Karber (1931) was then applied. Only the groups which included the range from 0 to 100% response were employed in this calculation. If either of these absolute end points was not attained, it was assumed that the next lower or higher dilution would have produced the desired 0 or 100% infection. Flocculation test. The capillary-tube test (Ormsbee, Bell, and Larson, 1955) was used for evaluating the antigenicity of various fractions. This type of serological test was useful as it rapidly indicated small quantities of antigenic material. Twofold dilutions of antigen were tested against 1:5 dilutions of antiserum. Antiserum was prepared by inoculating viable B. abortus 2308 intravenously into a goat whose serum was free of agglutinins to this organism. The organism had been grown on chemically defined medium to avoid formation of antibodies against agar or tryptose. This antiserum had an agglutinin titer of 1:1,280. Flocculation titers, expressed as reciprocals of the highest dilution of antigen at which flocculation was observed, were based on equal dry weights of various fractions; a concentration of 1 mg per ml was considered as undiluted.
Mouse toxicity test. The lethal properties of sterile fractions were assayed by the technique used to determine the toxicity of similar fractions prepared from S. enteritidis (Ribi et al., 1959a) .
Rabbit skin test. Sterile cell walls and protoplasm were tested for primary inflammatory effect intradermally in normal white rabbits. The technique employed was essentially that used for study of toxic properties of similar fractions prepared from species of Salmonella (Larson et al., 1960) . In this study, each rabbit received one preparation only, since results of preliminary studies gave evidence of interference when cell wall and protoplasm were injected into the same animal. In each experiment the most effective agent was the aqueous ether extract (PI, 2.5 to '-3.1), and the least effective agent was the filtered protoplasm (P1, 0.6 to 1.0). The whole cells and cell walls from homologous preparations afforded protection comparable to each other, with the Pl values falling between those for protoplasm and aqueous ether extracts. Protoplasm which was sterilized with ether instead of by filtration showed appreciable protection (experiment V). This was true even when it was filtered after sterilization with ether (experiment IV). These results were to be expected, since electron microscopy revealed that unfiltered protoplasm contained cell walls enmeshed in slime. The addition of ether, then, to unfiltered protoplasm, effected the solubilization of protective antigen from these cell walls. Treatment with deoxyribonuclease appeared not to alter the protective potency of protoplasmic fractions. Mixtures of cell walls and protoplasm had protective indices comparable to those obtained for whole cells or cell walls.
RESULTS
Evidence of immunization was also sought by comparison of numbers of organisms recovered from the spleens of immunized and infectioncontrol mice. Data from experiment III are presented in Table 2 . The suppression of infection was readily apparent, and immunogenicity followed the same order of effectiveness as that noted above, i.e., aqueous ether extract > cell walls whole cells > protoplasm.
The data from all experiments were analyzed statistically. Results show that all of the preparations tested afforded protection (Table 3) . In agreement with the data listed in Table 1 , filtered protoplasm was a significantly less effective immunizing agent than aqueous ether extract. Between these extremes, cell wall, whole cell, and other preparations showed variable degrees of significance. Table 3 includes certain preparations in addition to those listed in Tables 1  and 2 . They include whole cells, cell walls purified by ordinary centrifugation and by centrifugation through glycerol gradient, and the cell residue remaining after extraction with aqueous ether. It is evident that exposure to glycerol did not alter potency of either whole cells or cell walls and that treatment with deoxyribonuclease did 84, 1962 not affect the potency of protoplasmic preparations. The variability in potency of whole-cell residue between experiments I and III might be due to more effective extraction of immunizing substances by aqueous ether in experiment I. Flocculation wvith antiserum. Results should be interpreted with caution since the antigenic fractions tested (such as cell walls and aqueous ether extract) were present in different physical states (Shepard, Ribi, and Larson, 1955; Ribi et al., 1959a) . Data from the capillary-tube test indicate that most of the serological activity of the whole cells was found in the cell-wall fraction (Table 4 ). The titers given by the aqueous ether extract and the protoplasm are the most conclusive, since the antigens in these preparations were in a soluble state; the aqueous ether extract was clearly of a higher order of activity.
Lethal effect on mice. Toxicity data for fractions of B. abortus 19 are summarized in Table 5 . Preparations in experiments I, II, and III are the same as those used in the immunization and flocculation tests presented in previous tables.
From Tables 1 to 5 it is evident that in all experiments, with the exception of number III, The method of sterilization did not have a discernible effect on the mouse-lethal toxin (Table 7) .
Primary inflammation of rabbit skin. Intra- (Larson et al., 1960) .
DISCUSSION
Results of this study indicate that the substances associated with protective and toxic properties of B. abortus are located mainly in the cell wall. This has been recently suggested by Markenson et al. (1959) , who found immunizing potency in an insoluble fraction obtained from cells of B. abortus disrupted in an ultrasonic oscillator. Studies in this laboratory with purified cell walls and protoplasmic fractions of other microorganisms, including Bacterium tularense (Shepard et al., 1955) , S. enteritidis (Ribi et al., 1959a) , Bordetella pertussis (Munoz, Ribi, and Larson, 1959) , Histoplasma capsulatum (Salvin and Ribi, 1955) , and Coxiella burnetii (Anacker et al., J. Immunol. in press) have similarly shown that the cell wall is the site of substances capable of immunizing against infection.
The protoplasmic fraction from B. abortus gave consistent low-level responses in the protection test. One explanation for the presence of protective antigen in this fraction may be that it became contaminated with solubilized cell-wall material during disruption with the pressure cell. An alternative explanation is that protoplasm itself contains a second immunizing factor.
In the first hypothesis, one would have to consider the possibility of mechanical solubilization of cell-wall antigens by the extreme shear forces to which the organisms were subjected as they passed through the orifice of the needle valve. This is conceivable, since Live et al. (1945) disintegrated Brucella cells with the ultrasonic oscillator and, after high-speed centrifugation, obtained supernatant fluids which afforded significant protection against experimental infection. Also, Sulitzeanu (1958) obtained soluble antigen by ultrasonic oscillation of isolated cellwall material. Results of rabbit skin tests presented in this paper indicated that filtered protoplasm probably contained about 1% cell-wall material. It is possible, however, that this small amount of cell-wall material afforded all the protection given by the filtered protoplasm. Clarification of this question will be sought in future studies by employing a protection test based on graded immunizing doses. It is expected that such a test will be more suitable for the determination of the relative potencies of fractions prepared from Brucella than the test used in this study in which each fraction was tested at only one relatively large dose level.
The alternative explanation, that the protoplasm may possess its own immunizing factor, must be considered because of the findings of (Topping, 1934) , consisting mainly of nucleoprotein and assumed to be of protoplasmic origin, possessed only feeble serological activity. More recently this activity has been believed by others (Wilson and Miles, 1955) to be due to contamination with the main soluble antigen. The same may have been true for alkaline extracts of B. abortus which possessed low levels of protective potency and probably contained significant amounts of nucleoprotein (Foster, 1957) . Subsequent electrophoretic studies suggest the presence of a cell-wall component (Foster, unpublished data) . Braun, Burrows, and Phillips (1957) described an antigenic deoxyribonucleic acid preparation isolated by extracting B. abortus cells with phenol. Olitzki (1960) , however, demonstrated that material isolated in this manner contains diaminopimelic acid, a substance believed to be a constituent of cell walls. These findings do not provide sufficient evidence to permit a conclusion to be drawn regarding the presence or absence of a true protoplasmic immunizing factor.
Results presented in this work clearly demonstrate that a substance extracted from B. abortus with aqueous ether possessed immunizing potency superior to killed whole cells, cell walls, or protoplasm. Substantial amounts of this fraction (5 to 10% of bacterial dry wt) can be isolated by a simple technique and stored in powder form at room temperature for at least 6 months without loss of immunizing potency. The fraction can be readily reconstituted in water. It appears that this material possesses some of the essential requirements of a practical immunizing agent.
The relationship between protective antigen and toxin in the aqueous ether extract remains unresolved. In experiment III, extraction of cells in the presence of tris buffer (pH 7) yielded material which was only about one-eighth as toxic as that extracted from the same organism suspended in water, yet it possessed similar serological and immunizing activity. This is in agreement with results of studies of the relationship between "native antigen" and endotoxin (Miles and Pirie, 1939; Paterson, Pirie, and Stableforth, 1947) , which suggested that toxin and protective antigen may not be identical. It is generally agreed that the immunizing potency of extracts referred to as "native antigen" was less altered by the treatment they had undergone (2% phenol extraction) than the endotoxin (0.25 N trichloroacetic acid extraction). Although aqueous ether extracts and phenol extracts have not been studied in a comparative protection test, evidence from this and other studies (Huddleson, 1943; Live et al., 1945; Larson, 1949) demonstrated that ether did not significantly alter immunogenicity or toxicity.
